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Aminoglycosides (AGs) are widely used antibiotics because of their low cost and
high efficacy against gram-negative bacterial infection. However, AGs are ototoxic,
causing the death of sensory hair cells in the inner ear. Strategies aimed at developing
or discovering agents that protect against aminoglycoside ototoxicity have focused
on inhibiting apoptosis or more recently, on preventing antibiotic uptake by the
hair cells. Recent screens for ototoprotective compounds using the larval zebrafish
lateral line identified phenoxybenzamine as a potential protectant for aminoglycoside-
induced hair cell death. Here we used live imaging of FM1-43 uptake as a proxy
for aminoglycoside entry, combined with hair-cell death assays to evaluate whether
phenoxybenzamine can protect mammalian cochlear hair cells from the deleterious
effects of the aminoglycoside antibiotic neomycin. We show that phenoxybenzamine
can block FM1-43 entry into mammalian hair cells in a reversible and dose-dependent
manner, but pre-incubation is required for maximal inhibition of entry. We observed
differential effects of phenoxybenzamine on FM1-43 uptake in the two different types
of cochlear hair cell in mammals, the outer hair cells (OHCs) and inner hair cells (IHCs).
The requirement for pre-incubation and reversibility suggests an intracellular rather than
an extracellular site of action for phenoxybenzamine. We also tested the efficacy of
phenoxybenzamine as an otoprotective agent. In mouse cochlear explants the hair cell
death resulting from 24 h exposure to neomycin was steeply dose-dependent, with
50% cell death occurring at ∼230 µM for both IHC and OHC. We used 250 µM
neomycin in subsequent hair-cell death assays. At 100 µM with 1 h pre-incubation,
phenoxybenzamine conferred significant protection to both IHCs and OHCs, however
at higher concentrations phenoxybenzamine itself showed clear signs of ototoxicity and
an additive toxic effect when combined with neomycin. These data do not support the
use of phenoxybenzamine as a therapeutic agent in mammalian inner ear. Our findings
do share parallels with the observations from the zebrafish lateral line model but they
also highlight the necessity for validation in the mammalian system and the potential for
differential effects on sensory hair cells from different species, in different systems and
even between cells in the same organ.
Keywords: hair cells, cochlea, aminoglycosides, ototoxicity, FM 1-43, organotypic culture, mechanoelectrical
transduction channels, inner ear
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INTRODUCTION
Aminoglycosides (AGs) are widely used antibiotics because of
their low cost and high efficacy against gram-negative bacterial
infection. AGs are both nephrotoxic (Toubeau et al., 1986; Hock
and Anderson, 1995) and ototoxic (Greenwood, 1959) affecting
the vestibular and auditory organs (Matz et al., 2004). Among the
AGs neomycin is highly toxic, particularly in the hearing organ,
the cochlea (Forge and Schacht, 2000). In the cochlea, AGs first
affect the high-frequency hair cells found at the basal end of the
cochlea, subsequently extending to the lower-frequency regions
at the apical end of cochlear spiral (Aran and Darrouzet, 1975;
Stebbins et al., 1979; for review see Forge and Schacht, 2000).
In order to access the apical surface of hair cells AGs must
first pass through the blood labyrinth barrier which is composed
of a highly specialized capillary network in the stria vascularis
(Shi, 2016). Studies with fluorescently-tagged gentamicin showed
that it travels from the stria vascularis capillaries into marginal
cells and then into the endolymph (Wang and Steyger, 2009;
Wang et al., 2010) at which point it comes into contact with
the apical surface of the hair cells. AGs can enter into hair cells
via an endocytic route (Hashino and Shero, 1995) or via the
mechanotransduction (MET) channels, located in the hair cell’s
stereociliary bundle (Gale et al., 2001; Marcotti et al., 2005; Dai
et al., 2006; Wang and Steyger, 2009; Alharazneh et al., 2011) a
route that is facilitated by the low calcium concentration of the
endolymph (Marcotti et al., 2005).
When mammalian cochlear hair cells die there is no
endogenous regenerative process that can replace them and thus
hearing loss is permanent. Stem cell based therapies are being
pursued and may well be available in the longer term. In the
shorter term, however, it is important that we discover therapies
that might protect hair cells from damage and death as a result of
ototoxic medication, noise-induced hearing loss and aging.
New aminoglycoside antibiotics derived from the structural
backbones of existing AGs are being produced to generate less
ototoxicity whilst still being effective antibiotics (Matt et al.,
2012; Duscha et al., 2014; Shulman et al., 2014; Huth et al.,
2015). Until such antibiotics are available, a protective agent
that could be applied along with any known ototoxin would
be very advantageous. There have been a number of screens
to identify compounds that might confer hair-cell protection
during ototoxicity, including screens of FDA-approved drugs
that could bypass some of the approval requirements (Ou
et al., 2009). Many of these have used the zebrafish lateral
line system as a screening model. One of the compounds
that came through two separate screens using two different
sets of FDA-approved compounds was phenoxybenzamine
(also known as N-(2-chloroethyl)-N-(1-methyl-2-phenoxyethyl)
benzylamine hydrochloride or dibenzyline) which was one of
seven drugs which showed protection against aminoglycoside-
induced hair-cell death potentially by blocking aminoglycoside
uptake by hair cells (Ou et al., 2009; Vlasits et al., 2012). In
zebrafish it was noted that pre-incubation of phenoxybenzamine
was required to see efficacy in increasing hair-cell survival
(Vlasits et al., 2012). Although phenoxybenzamine is a well
characterized drug that is known to cross the blood brain barrier
(Diop and Dausse, 1986) and so perhaps the blood labyrinth
barrier, it has not been tested on mammalian cochlear hair cells.
Phenoxybenzamine is a well-known alpha-1-A and alpha-2-A
adrenergic receptor antagonist (Thoenen et al., 1964). Among
alpha 1-A and 2-A receptors, phenoxybenzamine has a slow
onset and long lasting effect compared with other alpha
adrenergic blockers and it is used to reduce the vasoconstriction
caused by epinephrine (adrenaline) and norepinephrine.
Phenoxybenzamine acts by covalently binding to the receptor
resulting in the inhibition of ligand binding. It is used to
reduce the hypertension caused by pheochromocytoma, for
lower urinary tract problems (e.g., neurogenic bladder; Te,
2002), benign prostatic hyperplasia (Kumar and Dewan, 2000)
and in complex regional pain syndrome (Inchiosa, 2013).
Phenoxybenzamine is also known to block 5-HT2 serotonin
receptors (Frazer and Hensley, 1999), in some cases acting as an
irreversible blocker (Doggrell, 1995).
In this study we evaluated whether the protective effects
of phenoxybenzamine that are observed in zebrafish hair
cells (Ou et al., 2009; Vlasits et al., 2012) are also observed
in mammalian inner hair cells (IHCs) and outer hair cells
(OHCs). We first investigated the effects of phenoxybenzamine
on the rapid FM1-43 entry into hair cells that occurs
via the mechanoelectrical-transduction channels and mimics
aminoglycoside entry (Gale et al., 2001). Second, we tested
whether phenoxybenzamine could protect hair cells during
neomycin ototoxicity.
MATERIALS AND METHODS
Materials
Phenoxybenzamine hydrochloride was obtained from Santa Cruz
Biotechnology, Dallas, TX, USA and neomycin and ciprofloxacin
from Sigma-Aldrich, UK. Leibovitz’s L15 (L15), DMEM/F12,
FM1-43FX and fetal bovine serum (FBS) were acquired from
ThermoFisher scientific, UK and the cell and tissue adhesive
Cell-Tak was supplied by BD Biosciences, UK. All other
chemicals were obtained from Sigma-Aldrich, UK.
Postnatal Cochlea Isolation and Culture
In accordance with the United Kingdom Animals (Scientific
Procedures) Act of 1986 (Schedule 1 procedures), cochleae were
extracted from C57BL/6 wild-type mice at postnatal day 3–6
(P3-P6). The isolated cochleae were micro-dissected in Leibovitz
L15 medium. The apical cochlear turn was discarded and the
remaining 1.5 turns separated into ‘‘middle’’ and ‘‘basal’’ coils.
The stria-vascularis was kept in place and Reissner’s membrane
was cut allowing the cochlear coils to be ‘‘fileted’’ open and
then placed onto Cell-Takr coated Matek (Ashland, MA, USA)
dishes (Majumder et al., 2015). Explant cultures were incubated
in DMEM/F12 supplemented with 1% FBS and ciprofloxacin
(10 µg/ml) at 37◦C in a 5% CO2/95% air atmosphere overnight
prior to experimentation.
Live FM1-43 Imaging and Analysis
All experiments were conducted at room temperature (20–22◦C).
FM1-43 (6 µM) was prepared from a 10 mM stock solution.
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The control culture was loaded with 6 µM FM1-43 for 30 s
and then immediately washed (five 10 s washes, followed by
three slower, 2 min washes) in L15 or HBHBSS prior to imaging
with a Zeiss 510NLO upright confocal microscope (excitation
488 nm, emission 500–550 nm) using a 40× (NA 0.8) water
immersion objective. Confocal image stacks (∼20 planes, 2 µm
intervals) were acquired exactly 20min after exposure to FM1-43.
The confocal laser power and gain settings were identical for
all live imaging experiments to enable data comparison. To
evaluate whether phenoxybenzamine was more effective when
pre-incubated, in a subset of experiments it was applied for 30 or
60 min prior to FM1-43 loading and the loading was performed
in the continued presence of phenoxybenzamine (including
the washout solution). To test for reversibility of the block,
after 30 min of phenoxybenzamine incubation explants were
washed for varying amounts of time before testing with FM1-
43. Images were analyzed using ImageJ (NIH, USA). A running
two frame average was applied to the Z planes and to maintain
consistency ROIs were drawn two planes (i.e., ∼4 µm) below
the FM1-43 fluorescence signal from the hair-cell stereocilia.
ROIs covered the extent of the cell body in that plane. Average
intensities from the ROIs were recorded and the background
fluorescence (measured in a non-cellular region) was subtracted.
Measurements were taken from 30 OHCs and 10 IHCs per
explant.
Ototoxic Hair Cell Death and Protection
Assay
To determine a dose-response curve, middle and basal coil
cochlear explants were exposed to 0, 10, 100, 200, 250,
400 or 1000 µM neomycin for 24 h. To determine whether
phenoxybenzamine confers protection against neomycin
ototoxicity, cochlear explants were pre-treated for 1 h in
0, 50, 100 or 200 µM phenoxybenzamine followed by
24 h co-treatment in phenoxybenzamine and 250 µM
neomycin in DMEM/F12 media at 37◦C in a 5% CO2/95%
air atmosphere. After all experiments, explants were fixed with
4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS,
pH 7.2) at room temperature for 30–45 min for immunostaining
and later evaluation for pyknotic and surviving hair cells.
Immunohistochemistry, Image Acquisition
and Analysis
After fixation the explants were rinsed three times with PBS
and incubated in blocking solution (PBS, 10% secondary host
antibody serum and 0.5% Triton X-100) for 2 h. Subsequently,
the explants were incubated with a mouse monoclonal
anti-myosin 7A antibody, deposited to the DSHB by Orten,
D.J. (DSHB Hybridoma Product MYO7A 138-1, used at 1:250)
or a rabbit polyclonal anti-myosin 7A (25–6790, Proteus
BioScience, used at 1:1000) primary antibody in blocking
solution overnight at 4◦C. Samples were then washed in PBS
and incubated for 2 h at room temperature with 4′,6′-diamidino-
2-phenylindole (DAPI 1 µM), AlexaFluor647 phalloidin
(33 nM) and goat anti-rabbit-Atto488 or goat anti-mouse-
Atto488 secondary antibodies in blocking solution. The explants
were rinsed three times with PBS and imaged using the
multiphoton Zeiss 510 NLO upright confocal microscope. DAPI
was imaged using the a two-photon Chameleon-XR Ti:Sapphire
laser tuned to 720 nm (435–485 nm bandpass filter), Atto488 was
imaged using the 488 nm (500–550 nm bandpass filter) and
AlexaFluor647 phalloidin using the 633 nm (long pass filter
650 nm) laser lines. Images were acquired at 1.5 µm Z intervals
using either Achroplan 40× (NA 0.8) or Achroplan 63× Vis-IR
(NA 1.0) water immersion objectives.
Z stacks (25–30 planes, 1.5 µm intervals) were acquired
from two different regions in each explant. Image stacks were
visualized using ZEN Lite software (Carl Zeiss Ltd, Germany)
to identify pyknotic and surviving hair cells. The hair cells were
considered pyknotic when they presented with condensed and
marginated chromatin in the nuclei (Li et al., 1995; Lahne and
Gale, 2008). Here we have used the characteristic pattern of
pyknosis that we observe with the DAPI and myosin 7A staining
during the death of IHCs and OHCs (Figure 1).
Hair cells with normal nuclei were considered to be viable
surviving hair cells. Counts from the two regions sampled were
averaged so that each explant counted as one N sample. Images
were independently evaluated by two individuals.
Statistics
For live imaging experiments, all the data are presented as the
mean ± SEM and ANOVA was applied with post hoc Tukey-
Kramer’s with significance set at p < 0.05. For hair-cell survival
and pyknosis, all the data are presented as the mean ± SEM and
the statistical test used was Students’s t-test with significance set
as p< 0.05.
RESULTS
Phenoxybenzamine Blocks Rapid FM 1-43
Entry in Mammalian Hair Cells if
Preincubated
To evaluate the nature of phenoxybenzamine’s interaction with
mammalian MET channels, we measured FM1-43 uptake by hair
cells in cochlear explant cultures from postnatal day 3–6 mice. A
brief (30 s) exposure to FM1-43 ensured that rapid entry through
the MET channels was the primary uptake pathway as opposed
to a slower endocytic mechanism. FM1-43 uptake was hair cell
specific and irreversible with OHCs taking up approximately
twice as much FM1-43 as IHCs as described previously (Gale
et al., 2001). When 100 µM phenoxybenzamine was simply
co-applied during FM-143 exposure there was no significant
effect on FM1-43 uptake in either IHCs or OHCs. In contrast,
when phenoxybenzamine was also pre-incubated for either 30 or
60 min, we found a significant reduction in FM1-43 uptake in
OHCs, and a small reduction in uptake in IHCs that failed to
reach significance (Figures 2A,B). Pre-incubation substantially
reduced FM1-43 uptake to 28% of control levels in OHCs and
60% in IHCs respectively, significantly different to uptake both
in the controls and in samples in which compounds were co-
applied together (Figure 2C). The block of FM1-43 uptake was
reversible upon washout although the recovery from block was
not immediate. Comparing a 1 min washout with a 60 min
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FIGURE 1 | Progression of neomycin-induced hair cell death. A
sequence of images representing different stages of cell death that are
observed after 24 h of neomycin exposure for both outer hair cells (OHCs) (A)
and inner hair cells (IHCs) (B). Anti-myosin 7A labeling (upper panel),
4′,6′-diamidino-2-phenylindole (DAPI) staining of nuclear chromatin (middle
panel), Myo7A/DAPI merged image (lower panel). Since individual cells
undergo cell death at different times each cell is at a different stage in the cell
death process and the images have been compiled into a pseudo-time series
as indicated by the arrows. Scale bar 5 µm.
washout we can see that the recovery was ∼15% in OHCs after
1 min but was complete after 60 min (Figure 3). Recovery
appeared to be faster but more variable in IHCs and on average
we observed an overshoot in the recovery, but we note that the
blocking effect of phenoxybenzamine was less robust in IHCs
than in OHCs.
In order to determine whether the blockade of FM1-43
entry was dose-dependent, we varied the concentrations of
phenoxybenzamine from 0 µM to 200 µM, pre-incubating for
30 min prior to FM1-43 application. The IC50 for the block of
FM1-43 uptake by phenoxybenzamine differed slightly between
OHC (logIC50 −4.185, 65 µM) and IHC (logIC50 −4.424,
38 µM) however, the Hill coefficient was strikingly different
being 4 for OHC and 0.9 for IHC (Figure 4). One simple
interpretation of these data is that there is a difference in the
molecular nature of the MET channel in the two cochlear hair
cell types. An alternative explanation is that the MET channel
activity is reduced indirectly via a process that is affected by
phenoxybenzamine and that is more prevalent in OHCs.We note
that higher concentrations of phenoxybenzamine could not be
tested due to problems with solubility that have been reported by
others (Nisa et al., 2010).
Phenoxybenzamine Can Protect Hair Cells
from Neomycin-Induced Ototoxicity
For the next experiments we set out to determine a concentration
of neomycin that gave us ≥50% toxicity in our mouse cochlear
explant culture model after 24 h of exposure. Cochlear explants
were treated with neomycin at a range of concentrations from
0 µM to 1000 µM. At the end of the 24-h exposure explants
were fixed and triple-labeled with DAPI, fluorescent phalloidin
and antibodies to myosin 7A. Z-stack images were then collected
using a confocal microscope (Figure 5A). Since hair cells are
known to be able to survive without a hair bundle (Gale et al.,
2002), we focused our analysis on the hair-cell soma and nuclear
chromatin markers, as shown in Figure 1, to quantify the
number of surviving hair cells, using the image stacks. A steep
dose-dependence was observed for neomycin-induced hair cell
death for both OHC and IHC (Figure 5B), with 50% cell death
constants of 228 µM (log −3.642) and 232 µM (log −3.635)
and different Hill coefficients of 4.7 and 1.9, respectively. Based
on these experiments we decided to use 250 µM neomycin
in subsequent experiments to test whether phenoxybenzamine
could provide any protection in this 24 h ototoxicity model.
Given the requirement for drug pre-incubation, in test
explants phenoxybenzamine (50, 100 or 200 µM) was applied
for 1 h prior to the addition of neomycin in the presence
of phenoxybenzamine. After 24 h explants were fixed, the
same triple-labeling protocol was applied to all explants and
image stacks collected and analyzed to quantify the number
of surviving and pyknotic hair cells. At a concentration of
50 µM phenoxybenzamine did not offer significant protection
against neomycin-induced ototoxicity (data not shown). In
the presence of 100 µM phenoxybenzamine, however, the
number of surviving OHC and IHC per 100 µm length
of the cochlea was significantly higher, 27.9 ± 3.5 and
9.0± 1.0 respectively, compared to 17.6± 3.1 and 5.0± 1.4 with
neomycin alone (p < 0.05). Using either the untreated control
or phenoxybenzamine-treated alone explants to calculate the
percent survival reveals that phenoxybenzamine increased OHC
survival from 47% to 86% and IHC survival from 46% to 98%
(Figure 6). Although phenoxybenzamine significantly reduced
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FIGURE 2 | Phenoxybenzamine (PB) significantly reduces rapid FM1-43 uptake in OHCs but not in inner cells. (A) Confocal images of FM1-43 uptake
after brief exposure (30 s) in OHCs (upper panels) and IHCs (lower panel) under control conditions (left panel), either when co-applied with 100 µM PB (middle panel)
or when explants were pre-incubated in PB for 30 min prior to FM1-43 application (right panel). (B) Quantification of FM1-43 fluorescence reveals that pre-incubation
with phenoxybenzamine for 30 min or 60 min significantly reduces uptake in OHCs but not IHCs. Maximal inhibition of FM1-43 uptake is achieved in 30 min.
(C) Pre-incubating with phenoxybenzamine is significantly more effective at blocking the rapid uptake of FM1-43. Expressed as a % of control, the uptake was
reduced from 66% to 28% in OHCs and from 97% to 60% in IHCs. N numbers: control = 12; 100 µM PB-co-app = 6; 30 min pre-incubation = 9; 60 min
pre-incubation = 6. Statistical test: ANOVA Tukey-Kramer’s test, ∗p < 0.05 in (B); Student’s t-test, ∗p < 0.05 in (C).
the number of neomycin-induced pyknotic OHC nuclei, we
also observed a small but significant increase in pyknotic
OHC and IHC nuclei when phenoxybenzamine was applied
alone indicating the potential toxicity of the drug in the
cochlea. The phenoxybenzamine-induced toxicity was more
evident, particularly in OHCs at the highest concentration used
(200 µM). In addition we observed that at 200 µM, rather
than protecting hair cells against neomycin, phenoxybenzamine
significantly enhanced the neomycin-induced toxicity in OHCs,
whereas enhancement of toxicity was not observed in IHC
(Supplementary Figure S1).
DISCUSSION
Phenoxybenzamine was one of a small number of compounds
identified from two high-throughput drug screens for neomycin
ototoxicity using zebrafish larvae (Ou et al., 2009; Vlasits
et al., 2012). In zebrafish lateral line hair cells, the blockade
of neomycin uptake into hair cells is thought to be the
primary mode of action for the otoprotective effect of
phenoxybenzamine (Ou et al., 2009). Here we used mammalian
cochlear explant cultures from postnatal mice to evaluate the
possible otoprotective effect of phenoxybenzamine. Testing
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FIGURE 3 | Phenoxybenzamine block of FM1-43 entry is reversible.
(A) After a 30 min pre-incubation in 100 µM phenoxybenzamine explants were
washed for 1 min or 60 min in HBSS before being exposed to 6 µM FM1-43
for 30 s. Confocal images of the FM1-43 fluorescence signal in OHCs (upper
panels) and IHCs (lower panel) when applied at 0 s, 1 min or 60 min after
phenoxybenzamine washout. (B) The block by phenoxybenzamine is
completely reversed 60 min after wash out. The fractional recovery of the
FM1-43 signals was calculated from F recov = (F − Fmin)/(Fmax − Fmin), where
Fmin is the signal from 30 min pre-incubation (n = 9) and Fmax = control (no
phenoxybenzamine) signal (n = 12) and F = 1 min (4) or 60 min (6). A F recov
value of 1 is equal to control (Fmax). Student’s t-test; ∗p < 0.05.
compounds in the mammalian system is critical given the
clear differences between the mammalian cochlea and the
lateral line, not least because there are two distinctly different
types of hair cell in the cochlea. We first characterized the
effect of phenoxybenzamine on rapid FM1-43 uptake, which
we use as mimic of neomycin entry since it permeates
the mechanoelectrical transducer channels and has been
shown to reduce the toxic effects of neomycin (Gale et al.,
2001).
In zebrafish hair cells phenoxybenzamine blocks the uptake
of both FM1-43 and gentamicin-Texas Red (Ou et al., 2009;
Vlasits et al., 2012). We now show that phenoxybenzamine can
block FM1-43 entry in both IHCs and OHCs in the mammalian
cochlea. The IC50 for the blocking effect was quite similar
between the two hair cell types (40–60 µM), however there was a
∼4 fold difference in the Hill coefficient with the block in OHCs
showing a steep dependence indicating cooperative binding,
whereas in IHCs the coefficient was close to 1 suggesting
non-cooperative binding of phenoxybenzamine. To better
understand the mode of action, we compared pre-incubation
of phenoxybenzamine with simple co-application and found
that maximal inhibition was achieved by pre-incubation
(Figure 2) as previously described in zebrafish (Vlasits
et al., 2012). A 30 min pre-incubation was already maximal
and no further block was observed when we extended the
time of incubation to 60 min. Phenoxybenzamine is known
FIGURE 4 | Phenoxybenzamine block of FM1-43 entry is
dose-dependent. (A) Confocal images of rapid FM-143 uptake assessed
after 30 min of pre-incubation in 10, 50 or 200 µM phenoxybenzamine.
Images at the focal planes of the OHC and IHC are shown. (B) Quantification
of the rapid FM1-43 uptake in the presence of different concentrations of
phenoxybenzamine reveal the reduction in FM1-43 uptake as a function of
increasing phenoxybenzamine concentration in both OHC (red) and IHC (blue).
The IC50 and Hill coefficient values from the curve fits are provided in the main
text. N numbers: control (12); 10 µM PB (3); 50 µM PB (4); 100 µM (9);
200 µM (4). Scale bar: 20 µm.
to bind covalently to adrenergic receptors and serotonin
receptors and in zebrafish the hair-cell survival effected
by phenoxybenzamine persisted after phenoxybenzamine
washout (Ou et al., 2009). In our live FM1-43 uptake assay,
although the phenoxybenzamine effect remained for the first
minute (at least in OHCs), the block was fully reversible after
60 min of washout. We observed differences in the effect of
phenoxybenzamine on FM1-43 uptake in OHCs and IHCs.
If the site of action of phenoxybenzamine in mammalian
hair cells is within the mechanoelectrical transduction
channel itself, this would suggest that there are significant
differences in the structure of the channel between IHC
and OHCs. Given the pre-incubation requirement, a simple
explanation for this could that there is an intracellular
binding site for phenoxybenzamine that is not present in
IHCs. An alternative and perhaps more likely explanation is
that there may be indirect effects of phenoxybenzamine on
the mechanoelectrical transduction channels via regulatory
molecules that are more prevalent in OHCs compared to
IHCs.
We next examined whether the otoprotection seen in
the lateral line with phenoxybenzamine is also observed in
mammalian cochlear hair cells. The effects of AGs are both
time and dose-dependent and we first set out to determine a
neomycin-dose response curve for 24 h of exposure in our mouse
cochlear explant model. We found a steep dose-dependence for
neomycin-induced hair cell-death, particularly for OHCs (Hill
coefficient of 4.7 compared to 1.9 in IHCs, Figure 5). The IC50 or
Frontiers in Cellular Neuroscience | www.frontiersin.org 6 April 2017 | Volume 11 | Article 94
Majumder et al. Phenoxybenzamine as a Potential Oto-Protectant
FIGURE 5 | Steep dose-dependent increase in hair-cell death after 24 h exposure to neomycin. (A) Confocal images of three different cellular markers:
phalloidin, labeling F-actin; myosin7A (Myo7A), for the hair cell soma and DAPI which showing nuclear condensation and pyknosis in neomycin-treated examples.
The right hand panels show a higher magnification (zoom) of the DAPI label in the IHC region. (B) Quantification of the numbers of surviving hair cells (expressed per
100 µm) reveals the steep dose-dependency of neomycin toxicity after 24 h of drug exposure. The 50% cell-death constants are similar between OHC (228 µM) and
IHC (232 µM) but the Hill coefficients were quite different (4.7 and 1.9 respectively). N numbers: 0.1 µM (10); 10 µM (9); 100 µM (9); 200 µM (5); 250 µM (9);
400 µM (8); 1000 µM (10). Scale bar: 20 µm.
50% cell-death constant for neomycin was ∼250 µM for both
OHCs and IHCs and we used this concentration in subsequent
assays in order to promote∼50% hair cell loss/survival, allowing
either a protective effect or an enhancement of hair-cell death to
be identified.
When used at a concentration of 100 µM phenoxybenzamine
produced a significant protection of both OHC and IHCs,
resulting in survival of both OHCs (86% survival) and IHCs
(98% survival) relative to controls, i.e., phenoxybenzamine
treatment alone. A small amount of toxicity was noted
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FIGURE 6 | Phenoxybenzamine confers protection against neomycin ototoxicity. (A) Representative confocal images showing the protective effect of the
100 µM phenoxybenzamine on the neomycin-induced hair cell death in both OHC and IHC. Images for phenoxybenzamine alone (PB), neomycin-alone for 250 µM
for 24 h (Neo) or pre-incubation and continued presence of phenoxybenzamine during the neomycin exposure (Neo+PB). Images showing condensed chromation
and pyknotic nuclei (DAPI staining, arrows) and the absence of the myosin7A labeling in missing/damaged hair cells. (B) Quantification of IHC and OHC survival (from
myosin7A, upper graphs) and pyknotic hair cell nuclei (from DAPI images, lower graphs) in control C, 250 µM neomycin-treated (N), phenoxybenzamine alone
(C+PB) or neomycin and phenoxybenzamine treated (N+PB) explants. N numbers: Neo (11); Neo+PB (8); PB alone (9); control (10). ∗p < 0.05 (compared to control).
Scale bar, 20 µm.
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in the phenoxybenzamine-alone controls, based on the
assessment of nuclear chromatin and pyknosis (Figures 1,
6). At a higher concentration, 200 µM phenoxybenzamine
in combination with neomycin produced different effects on
the two types of hair cell. The IHCs were still protected but
there was an enhancement of toxicity in OHCs indicating
an additive effect of phenoxybenzamine and neomycin.
When phenoxybenzamine was applied alone at 200 µM for
24 h it resulted in a small amount of OHC death but did
not affect IHCs. The stronger block of FM1-43 uptake in
OHCs compared to IHCs that we have shown could explain
the differential toxicity if we assume that activity of the
MET channels is essential for cell survival. Another possible
explanation for the phenoxybenzamine-induced toxicity
observed in OHCs is that it results from the differential
expression of known phenoxybenzamine targets. We checked
cochlear gene expression on gEAR portal1 and found that both
serotonin receptors and adrenergic receptors are differentially
expressed by OHCs and IHCs (Liu et al., 2014) providing
some support for this as an alternative hypothesis for the
observed toxicity. Importantly, however, phenoxybenzamine
protects both IHCs and OHCs from neomycin-induced
toxicity and the simplest explanation is that this is due to a
reduction in neomycin uptake via the MET channels, consistent
with our FM1-43 uptake assay (a mimic for the neomycin
uptake).
The lack of a significant effect of phenoxybenzamine on
FM1-43 uptake in IHCs compared to OHCs, but the presence of
a protective effect from neomycin suggests a greater complexity
here. The primary pathway for the aminoglycoside entry into
hair cells is now considered to be via the MET channels located
at the top of the stereocilia, consistent with AGs acting as
open-channel blockers (Kroese et al., 1989; Ricci, 2002; Marcotti
et al., 2005) as described for FM1-43 (Gale et al., 2001). However,
the contribution of other ion channels to the uptake of AGs
into hair cells has been less well characterized. Channels such
as the transient receptor potential (TRP) class members such
as TRPC3, TRPV4, TRPA1 and PRPML3 which are expressed
in the cochlea have not been ruled out as possible entry
pathways (Castiglioni and García-Añoveros, 2007; Cuajungco
et al., 2007; Asai et al., 2010; Stepanyan et al., 2011; Quick
et al., 2012). AGs block a variety of ion channels such as
large-conductance Ca2+-activated K+ channels (Nomura et al.,
1990), N-type and P/Q type Ca2+ channels (Pichler et al.,
1996), ryanodine receptors (Mead and Williams, 2002a,b), P2X
receptors (Lin et al., 1993) and nicotinic acetylcholine receptors
(Blanchet et al., 2000). Similar to its effects on the MET channels,
FM1-43 is also known to block TRPC3/TRPC6 channels
(Quick et al., 2012). Phenoxybenzamine could be affecting any
of the above channels, however, investigating these different
ion channels is outside of the remit of this current work.
In these present experiments a somewhat unexpected result
was the consistent difference we observed between IHC and
OHCs. Differences in the nature of the MET channels between
these two cell types have been described (Beurg et al., 2006,
1http://umgear.org/index.html
2009) and although the our results were generated from a
different type of assay, they support the possibility of there
being alternative channel isoforms expressed in the two cell
types.
In recent years high-throughput screening in
non-mammalian models has proven to be very useful in
identify new compounds for preventing hair-cell death.
The data presented here indicate the importance of follow
up studies in mammalian hair-cell models. Our study did
identify consistency between results from zebrafish lateral
line screens and the mammalian cochlea: from the mode
of action of phenoxybenzamine on FM1-43 uptake to the
requirement for pre-incubation to achieve maximal inhibition.
The particular sensitivity of OHCs to phenoxybenzamine is,
however, something that would tend to preclude its clinical
use. Nonetheless, the differential effects of phenoxybenzamine
on IHC and OHCs could turn out to be of significance in our
understanding of the molecular mechanisms regulating MET
channels.
AUTHOR CONTRIBUTIONS
All authors contributed to the initial conception and design
of the work. PM undertook the majority of data analysis
and drafted the manuscript. JEG contributed to data analysis
and to the writing and revision of the manuscript. PAM
collected data and undertook data analysis as part of an
undergraduate project in Sussex and a Masters project at UCL.
GR contributed to initial experimental design and manuscript
revision.
ACKNOWLEDGMENTS
PM was supported by an Action On Hearing Loss Pauline
Ashley award (PA12 to PM), by a Conselho Nacional
de Desenvolvimento Cientifico e Tecnológico (CNPq)
fellowship (249335/2013-1 to PM) and by an Action On
Hearing Loss International Grant (G52 to JG). PAM was
a BSc Neuroscience student at the University of Sussex
and an MSc Neuroscience student at UCL. The authors
would like to thank Professor Jonathan Ashmore for helpful
discussions.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fncel.
2017.00094/full#supplementary-material
FIGURE S1 | Higher concentrations of phenoxybenzamine confer
some protection against neomycin ototoxicity for IHCs but are toxic to
OHCs. (A) Quantification of hair cell survival in the presence of 200 µM
phenoxybenzamine (PB) alone or in the presence of neomycin for both IHCs
and OHCs. N numbers: Neo (11); control (4); Neo+PB 50 µM (4); 50 µM PB
alone (4); Neo+PB 200 µM (5); 200 µM PB alone (4). ∗P < 0.05 and
∗∗P < 0.005. (B) Representative confocal images showing F-actin (phalloidin),
myosin 7a (Myo7a), for the hair cell soma and DAPI showing nuclear
condensation and pyknosis in neomycin-treated examples.
Frontiers in Cellular Neuroscience | www.frontiersin.org 9 April 2017 | Volume 11 | Article 94
Majumder et al. Phenoxybenzamine as a Potential Oto-Protectant
REFERENCES
Alharazneh, A., Luk, L., Huth, M., Monfared, A., Steyger, P. S., Cheng, A. G.,
et al. (2011). Functional hair cell mechanotransducer channels are required
for aminoglycoside ototoxicity. PLoS One 6:e22347. doi: 10.1371/journal.pone.
0022347
Aran, J. M., and Darrouzet, J. (1975). Observation of click-evoked compound
VIII nerve responses before, during and over seven months after
kanamycin treatment in the guinea pig. Acta Otolaryngol. 79, 24–32.
doi: 10.3109/00016487509124650
Asai, Y., Holt, J. R., and Géléoc, G. S. (2010). A quantitative analysis of
the spatiotemporal pattern of transient receptor potential gene expression
in the developing mouse cochlea. J. Assoc. Res. Otolaryngol. 11, 27–37.
doi: 10.1007/s10162-009-0193-8
Beurg, M., Evans, M. G., Hackney, C. M., and Fettiplace, R. (2006). A large-
conductance calcium-selective mechanotransducer channel in mammalian
cochlear hair cells. J. Neurosci. 26, 10992–11000. doi: 10.1523/JNEUROSCI.
2188-06.2006
Beurg, M., Fettiplace, R., Nam, J.-H., and Ricci, A. J. (2009). Localization of inner
hair cell mechanotransducer channels using high-speed calcium imaging. Nat.
Neurosci. 12, 553–558. doi: 10.1038/nn.2295
Blanchet, C., Eróstegui, C., Sugasawa, M., and Dulon, D. (2000). Gentamicin
blocks ACh-evoked K+ current in guinea-pig outer hair cells by impairing
Ca2+ entry at the cholinergic receptor. J. Physiol. 525, 641–654. doi: 10.1111/
j.1469-7793.2000.t01-1-00641.x
Castiglioni, A. J., and García-Añoveros, J. (2007). MechanoTRPs and TRPA1.
Curr. Top. Membr. 59, 171–189. doi: 10.1016/S1063-5823(06)59008-8
Cuajungco, M. P., Grimm, C., and Heller, S. (2007). TRP channels as candidates
for hearing and balance abnormalities in vertebrates. Biochim. Biophys. Acta
1772, 1022–1027. doi: 10.1016/j.bbadis.2007.01.002
Dai, C. F., Mangiardi, D., Cotanche, D. A., and Steyger, P. S. (2006). Uptake of
fluorescent gentamicin by vertebrate sensory cells in vivo.Hear. Res. 213, 64–78.
doi: 10.1016/j.heares.2005.11.011
Diop, L., and Dausse, J. P. (1986). Specific binding of 3H-nicergoline in rat brain:
comparison with the selective alpha 1-antagonist 3H-prazosin. J. Pharmacol.
17, 65–74.
Doggrell, S. A. (1995). Increase in affinity and loss of 5-hydroxytryptamine
2a-receptor reserve for 5- hydroxytryptamine on the aorta of spontaneously
hypertensive rats. J. Auton. Pharmacol. 15, 371–377. doi: 10.1111/j.1474-8673.
1995.tb00403.x
Duscha, S., Boukari, H., Shcherbakov, D., Salian, S., Silva, S., Kendall, A., et al.
(2014). Identification and evaluation of improved 4’-O-(alkyl) 4,5-disubstituted
2-deoxystreptamines as next-generation aminoglycoside antibiotics. MBio
5:e01827. doi: 10.1128/mBio.01827-14
Forge, A., and Schacht, J. (2000). Aminoglycoside antibiotics. Audiol. Neurootol.
5, 3–22. doi: 10.1159/000013861
Frazer, A., and Hensley, J. (1999). ‘‘Serotonin receptors,’’ in Basic Neurochemistry:
Molecular, Cellular and Medical Aspects, 6th Edn. eds G. J. Siegel,
B. W. Agranoff and R. W. Albers (Philadelphia: Lippincott-Raven),
263–292.
Gale, J. E., Marcotti, W., Kennedy, H. J., Kros, C. J., and Richardson, G. P. (2001).
FM1–43 dye behaves as a permeant blocker of the hair-cell mechanotransducer
channel. J. Neurosci. 21, 7013–7025.
Gale, J. E., Meyers, J. R., Periasamy, A., and Corwin, J. T. (2002).
Survival of bundleless hair cells and subsequent bundle replacement
in the bullfrog’s saccule. J Neurobiol. 50, 81–92. doi: 10.1002/neu.
10002
Greenwood, G. J. (1959). Neomycin ototoxicity; report of a case. AMA Arch.
Otolaryngol. 69, 390–397. doi: 10.1001/archotol.1959.00730030400002
Hashino, E., and Shero, M. (1995). Endocytosis of aminoglycoside antibiotics
in sensory hair cells. Brain Res. 704, 135–140. doi: 10.1016/0006-8993(95)
01198-6
Hock, R., and Anderson, R. J. (1995). Prevention of drug-induced nephrotoxicity
in the intensive care unit. J. Crit. Care 10, 33–43. doi: 10.1016/0883-
9441(95)90029-2
Huth, M. E., Han, K.-H., Sotoudeh, K., Hsieh, Y.-J., Effertz, T., Vu, A. A., et al.
(2015). Designer aminoglycosides prevent cochlear hair cell loss and hearing
loss. J. Clin. Invest. 125, 583–592. doi: 10.1172/JCI77424
Inchiosa,M. A. Jr. (2013). Phenoxybenzamine in complex regional pain syndrome:
potential role and novel mechanisms. Anesthesiol. Res. Pract. 2013:978615.
doi: 10.1155/2013/978615
Kroese, A. B., Das, A., and Hudspeth, A. J. (1989). Blockage of the transduction
channels of hair cells in the bullfrog’s sacculus by aminoglycoside antibiotics.
Hear. Res. 37, 203–217. doi: 10.1016/0378-5955(89)90023-3
Kumar, V. L., and Dewan, S. (2000). Alpha adrenergic blockers in the
treatment of benign hyperplasia of the prostate. Int. Urol. Nephrol. 32, 67–71.
doi: 10.1023/A:1007108201320
Lahne, M., and Gale, J. E. (2008). Damage-induced activation of ERK1/2 in
cochlear supporting cells is a hair cell death-promoting signal that
depends on extracellular ATP and calcium. J. Neurosci. 28, 4918–4928.
doi: 10.1523/JNEUROSCI.4914-07.2008
Li, L., Nevill, G., and Forge, A. (1995). Two modes of hair cell loss from the
vestibular sensory epithelia of the guinea pig inner ear. J. Comp. Neurol. 355,
405–417. doi: 10.1002/cne.903550307
Lin, X., Hume, R. I., and Nuttall, A. L. (1993). Voltage-dependent block by
neomycin of the ATP-induced whole cell current of guinea-pig outer hair cells.
J. Neurophysiol. 70, 1593–1605.
Liu, H., Pecka, J. L., Zhang, Q., Soukup, G. A., Beisel, K. W., and He, D. Z. Z.
(2014). Characterization of transcriptomes of cochlear inner and outer
hair cells. J. Neurosci. 34, 11085–11095. doi: 10.1523/JNEUROSCI.1690-
14.2014
Majumder, P., Duchen, M. R., and Gale, J. E. (2015). Cellular glutathione content
in the organ of Corti and its role during ototoxicity. Front. Cell. Neurosci. 9:143.
doi: 10.3389/fncel.2015.00143
Marcotti, W., van Netten, S. M., and Kros, C. J. (2005). The aminoglycoside
antibiotic dihydrostreptomycin rapidly enters mouse outer hair cells through
the mechano -electrical transducer channels. J. Physiol. 567, 505–521.
doi: 10.1113/jphysiol.2005.085951
Matt, T., Ng, C. L., Lang, K., Sha, S.-H., Akbergenov, R., Shcherbakov, D., et al.
(2012). Dissociation of antibacterial activity and aminoglycoside ototoxicity in
the 4-monosubstituted 2-deoxystreptamine apramycin. Proc. Natl. Acad. Sci.
U S A 109, 10984–10989. doi: 10.1073/pnas.1204073109
Matz, G., Rybak, L., Roland, P. S., Hannley, M., Friedman, R., Manolidis, S.,
et al. (2004). Ototoxicity of ototopical antibiotic drops in humans.
Otolaryngol. Head Neck Surg. 130, S79–S82. doi: 10.1016/j.otohns.2003.
12.007
Mead, F., and Williams, A. J. (2002a). Block of the ryanodine receptor channel
by neomycin is relieved at high holding potentials. Biophys. J. 82, 1953–1963.
doi: 10.1016/s0006-3495(02)75544-6
Mead, F., and Williams, A. J. (2002b). Ryanodine-induced structural alterations
in the RyR channel suggested by neomycin block. Biophys. J. 82, 1964–1974.
doi: 10.1016/s0006-3495(02)75545-8
Nisa, N., Blokpoel, M. C., Robertson, B. D., Tyndall, J. D. A., Lun, S.,
Bishai, W. R., et al. (2010). Targeting the chromosome partitioning protein
ParA in tuberculosis drug discovery. J. Antimicrob. Chemother. 65, 2347–2358.
doi: 10.1093/jac/dkq311
Nomura, K., Maruse, K., Watanabe, K., and Sokabe, M. (1990). Aminoglycoside
blockade of Ca2+-activated K+ channel from rat brain synaptosomal
membranes incorporated into planar bilayers. J. Membr. Biol. 115, 241–251.
doi: 10.1007/bf01868639
Ou, H. C., Cunningham, L. L., Francis, S. P., Brandon, C. S., Simon, J. A.,
Raible, D. W., et al. (2009). Identification of FDA-approved drugs and
bioactives that protect hair cells in the zebrafish (Danio rerio) lateral line
and mouse (Mus musculus) utricle. J. Assoc. Res. Otolaryngol. 10, 191–203.
doi: 10.1007/s10162-009-0158-y
Pichler, M., Wang, Z., Grabner-Weiss, C., Reimer, D., Hering, S., Grabner, M.,
et al. (1996). Block of P/Q-type calcium channels by therapeutic
concentrations of aminoglycoside antibiotics. Biochemistry 35, 14659–14664.
doi: 10.1021/bi961657t
Quick, K., Zhao, J., Eijkelkamp, N., Linley, J. E., Rugiero, F., Cox, J. J., et al. (2012).
TRPC3 and TRPC6 are essential for normal mechanotransduction in subsets of
sensory neurons and cochlear hair cells.Open Biol. 2:120068. doi: 10.1098/rsob.
120068
Ricci, A. (2002). Differences in mechano-transducer channel kinetics underlie
tonotopic distribution of fast adaptation in auditory hair cells. J. Neurophysiol.
87, 1738–1748. doi: 10.1152/jn.00574.2001
Frontiers in Cellular Neuroscience | www.frontiersin.org 10 April 2017 | Volume 11 | Article 94
Majumder et al. Phenoxybenzamine as a Potential Oto-Protectant
Shi, X. (2016). Pathophysiology of the cochlear intrastrial fluid-blood
barrier (review). Hear. Res. 338, 52–63. doi: 10.1016/j.heares.2016.
01.010
Shulman, E., Belakhov, V., Wei, G., Kendall, A., Meyron-Holtz, E. G., Ben-
Shachar, D., et al. (2014). Designer aminoglycosides that selectively inhibit
cytoplasmic rather than mitochondrial ribosomes show decreased ototoxicity:
a strategy for the treatment of genetic diseases. J. Biol. Chem. 289, 2318–2330.
doi: 10.1074/jbc.M113.533588
Stebbins, W. C., Hawkins, J. E. Jr., Johnson, L. G., and Moody, D. B. (1979).
Hearing thresholds with outer and inner hair cell loss. Am. J. Otolaryngol. 1,
15–27. doi: 10.1016/s0196-0709(79)80004-6
Stepanyan, R. S., Indzhykulian, A. A., Vélez-Ortega, A. C., Boger, E. T.,
Steyger, P. S., Friedman, T. B., et al. (2011). TRPA1-mediated
accumulation of aminoglycosides in mouse cochlear outer hair cells.
J. Assoc. Res. Otolaryngol. 12, 729–740. doi: 10.1007/s10162-011-
0288-x
Te, A. E. (2002). A modern rationale for the use of phenoxybenzamine in urinary
tract disorders and other conditions. Clin. Ther. 24, 851–861; discussion 837.
doi: 10.1016/s0149-2918(02)80003-0
Thoenen, H., Hürlimann, A., and Haefely, W. (1964). Dual site of action of
phenoxybenzamine in the cat’s spleen: blockade of α-adrenergic receptors and
inhibition of re-uptake of neurally released norepinephrine. Experientia 20,
272–273. doi: 10.1007/bf02151802
Toubeau, G., Laurent, G., Carlier, M. B., Abid, S., Maldague, P.,
Heuson-Stiennon, J. A., et al. (1986). Tissue repair in rat kidney
cortex after short treatment with aminoglycosides at low doses. A
comparative biochemical and morphometric study. Lab. Invest. 54,
385–393.
Vlasits, A. L., Simon, J. A., Raible, D. W., Rubel, E. W., and Owens, K. N. (2012).
Screen of FDA-approved drug library reveals compounds that protect hair cells
from aminoglycosides and cisplatin. Hear. Res. 294, 153–165. doi: 10.1016/
j.heares.2012.08.002
Wang, Q., Kachelmeier, A., and Steyger, P. S. (2010). Competitive antagonism
of fluorescent gentamicin uptake in the cochlea. Hear. Res. 268, 250–259.
doi: 10.1016/j.heares.2010.06.008
Wang, Q., and Steyger, P. S. (2009). Trafficking of systemic fluorescent gentamicin
into the cochlea and hair cells. J. Assoc. Res. Otolaryngol. 10, 205–219.
doi: 10.1007/s10162-009-0160-4
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Majumder, Moore, Richardson and Gale. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution and reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Cellular Neuroscience | www.frontiersin.org 11 April 2017 | Volume 11 | Article 94
